The continuous development in analytical instrumentation has brought the newly developed Orbitrap-based gas chromatography / mass spectrometry (GC/MS) instrument into the forefront for the analysis of complex mixtures such as crude oil.
| INTRODUCTION
The need to solve complex problems has driven the development of analytical techniques over the last decades even further. One of the most challenging tasks remains is the analysis and characterization of various compounds within environmental, pharmaceutical, and other matrices such as food. 1 Among these compounds, environmental pollutants (eg, pesticides, industrial waste, and degradation products) as well as the so-called contaminants of emerging concern (CECs) have gained attention because of their negative effects on the environment or human health. 2 The main difficulty in characterization and quantification of these compounds is that either they have not been detected before in the environment, or they exist only in trace amounts in complex matrices. In most cases, the analytical approach of these samples requires the use of separation techniques in order to simplify the complexity of the sample. 3, 4 A prime example of a complex mixture is crude oil, which contains more than one million different chemical components. 5 Despite the excessive worldwide use of it as fuel and as feedstock for many chemical products, its detailed chemical composition still remains a mystery for the scientific community. 6 Its constituents differ not only in molecular weight and structure, but also in polarity and heteroatom (N, O, S) content. Although the heteroatom-containing compounds represent only a small portion of crude oil (less than 15% by weight), 7 these are responsible for adverse effects, eg, coke formation, corrosion, and catalyst poisoning in petroleum industry. In order to effectively reduce the adverse effects of single compounds, a deeper understanding of the molecular composition of the crude oil is necessary.
Over the years, a number of different analytical techniques such as nuclear magnetic resonance spectroscopy (NMR), infrared (IR) spectroscopy, X-ray crystallography, or fluorescence measurements have been used for crude oil characterization. However, these techniques are limited since they provide information only for the bulk material.
Ultrahigh-resolution mass spectrometry (UHRMS) is the method of choice in the analysis of complex mixtures. Information regarding the unique elemental composition of the compound, the component classes based on the heteroatom content as well as the level of aromaticity can be easily determined, but unfortunately MS alone does not give any further structural information. One solution to overcome this problem and gain structural information is the use of tandem MS.
MS/MS measurements have been used for the study of the structure of aliphatic and aromatic species in heavy crude oils. 8, 9 Although this technique can be quite useful for structural elucidation, it has two major drawbacks. Firstly, the resulting fragment ions having very low intensity can be accidentally removed as they might be considered as part of the noise peaks, and secondly, there are many cases in which it is extremely difficult to interpret the fragment ion spectra especially if the parent ion results from a mixture of structural isomers. 10 As a consequence, the correct interpretation of the spectrum as well as the matching of the fragment ions to the corresponding parent ion is almost impossible.
The main challenge here regarding sample analysis is the presence of various isomeric compounds in crude oil, which contribute to the complex nature of it. To address this problem, an effective chromatographic separation is needed before the MS analysis. [11] [12] [13] [14] [15] [16] The oldest and the most widely used hyphenated method is the coupling of gas chromatography to mass spectrometry (GC/MS). [17] [18] [19] [20] [21] This technique has been successfully used for the characterization of volatile and semivolatile compounds in crude oil. Various compounds such as aliphatic, polycyclic aromatic hydrocarbons (PAHs) 22 as well as naphthenic acids have been analyzed by this method. 19, 23, 24 Until now, the major obstacle regarding GC/MS analysis was the choice to be made between high mass resolving power or a chromatographic separation which ideally enables the distinction of structural isomers.
Traditional instrumentation available until now employs several types of mass analyzers (eg, quadrupole, time of flight), but their inefficiency to provide high-resolution mass measurements as well as their lowmass accuracy, make them not suitable for crude oil characterization. [25] [26] [27] The above mentioned problems can now be overcome with the coupling of a gas chromatograph to an ultra-high resolving mass spectrometer. Recently, the combination of GC and APLI has been successfully used for the analysis of polyaromatic hydrocarbons (PAHs) in fossil oil samples. 28 Features such as sensitivity, high mass accuracy and high resolution can now be combined to a powerful chromatographic separation, enabling a deeper understanding of the samples on a molecular level. 29 This work illustrates the analytical performance of the newly developed GC Orbitrap-based mass spectrometer. Here, apart from the commonly used electron ionization source, the capabilities of a recently introduced GC-atmospheric pressure photoionization (APPI) as interface are investigated. 30 The ability to combine results obtained using different ionization energies and methods provides complementary information on both molecular and fragment ions, which at the end enhances the capabilities for structural elucidation.
| EXPERIMENTAL

| Sample preparation
A gas condensate of Arabic origin was diluted in toluene to a final concentration of 250 ppm and then analyzed without further treatment. Trace elemental analysis of the gas condensate was performed for identification and quantification of the elements. The sample contained 0.28% nitrogen and 0.08% sulfur.
| Instrumentation
Measurements during this study were performed on two different instrumental setups. In case of electron ionization, a Q Exactive GC (Thermo Fisher, Bremen, Germany), consisting of a TRACE 1300 series GC coupled to a Q Exactive Orbitrap MS was used. The instrument is equipped with an electron ionization (EI) source with a possible electron energy tuning range between 1.0 to 150 eV. The value of the electron emission current was set to 50 μA. For APPI, the chromatographic separation was performed using a Trace GC Ultra that was joined with a Q Exactive Plus mass spectrometer (both Thermo Fisher, Bremen, Germany) by means of an APPI interface (MasCom Technologies, Bremen, Germany). The interface is equipped with a Krypton VUV lamp (Syagen, Tustin, CA, USA) for photoionization. Nitrogen gas was used in GC-APPI source, with a flow rate of 80.0 arbitrary units (a.u.). Experimental conditions were the same throughout all measurements and are stated below.
| Gas chromatography
A ZB-5HT Inferno capillary column (30 m x 0.25 mm id x 0.10 μm film thickness, Phenomenex, CA, USA) was used as stationary phase. The mobile phase was high purity helium (N5.0) at a constant flow of 1.2 mL min −1 . The temperature program was set to an initial temperature of 50°C that was increased to a final temperature of 350°C at a rate of 10°C min −1 . The final temperature was kept for additional 5 minutes. The transfer line temperature was set to 250°C. The injector was held at 300°C and was used in split mode with a split flow of 10 mL min −1 and a purge flow of 5 mL min −1 . The injection volume of the sample was 1 μL. 
| Mass spectrometry and data analysis
DBE ¼ c − h 2 þ n 2 þ 1:
| RESULTS AND DISCUSSION
EI is the most commonly used ionization method for GC/MS analysis due to its ability to ionize a wide range of compounds. Due to a typically high excess of energy, this method results in excessive fragmentation. Through the fragment ions, structural information can be obtained since the spectrum provides a unique chemical fingerprint of the analytes, which can be matched to a spectral library. 31 Features such as reproducibility and comparability of the mass spectra can be achieved by this method. However, this method is quite limited since molecular ions can only be detected in low intensity if they are present, which can make the interpretation of a spectrum very difficult, especially when dealing with complex mixtures. To overcome this limitation, the use of softer ionization methods is necessary. Apart from using supersonic molecular beams to enhance the abundance of molecular ions, 20 a commonly used strategy that is applied most frequently in crude oil analysis is the use of low-voltage electron ionization (LVEI). [32] [33] [34] Here, only little excess of energy is transferred to the analyte, resulting in reduced fragmentation. The mass spectra in this case are less complex and consist mainly of molecular ions. A different approach is the use of atmospheric pressure ionization (API) methods, as they are known to be soft ionization methods that lead to no or little fragmentation. In this case, of special interest is the APPI as a relatively unselective method that is capable of ionizing a broad range of different compounds by interaction with photons of 10.0/10.6 eV. A newly developed GC-APPI interface allows to combine a gas chromatographic separation with mass spectrometric detection after ionization by APPI on instrumentation originally designed for LC/MS analysis. 30 The design and the individual parts of the above mentioned GC-APPI interface are illustrated in Figure 1 .
The capabilities of the GC-APPI interface are still in prime stage since its utilization has not been fully explored for the analysis of complex mixtures. Here, the GC Orbitrap-based mass spectrometer is tested under different ionization methods (EI or APPI). Having the choice to shift from high to low ionization energy is of crucial importance since a different part of information regarding the analyte can be revealed. Figure 2 shows the resulting total ion chromatograms (TIC) of a gas condensate obtained within 30 minutes by high or low energy EI or APPI of 10/10.6 eV.
From a first look at the TIC, differences between the ionization methods can be observed. In case of EI, both chromatograms show various high intensity peaks eluting from 2.7 to 18.2 minutes. These peaks correspond to n-alkanes with a carbon number ranging from C 7 to C 21 . The ionization of these compounds is favored under EI since the ionization potential of alkanes is around 10 eV. On the other hand, the chromatogram obtained by using APPI looks totally different. With this ionization method, n-alkanes were completely missing since their ionization is not favored by this method.
Although the first two chromatograms look similar, a closer look at the averaged mass spectra show many differences between high or low energy EI. As can be seen in Figure 3 , under EI of 70 eV, most
Overview of the gas chromatography-atmospheric pressure photoionization (GC-APPI) interface. The main parts of the interface include: The optional dopant inlet; the APPI lamp which is mounted into the entrance of the ion source block; the GC transfer line which is attached to the APPI source; and finally the GC column which is adjusted into the APPI source. The zoomed-in view at the ionization chamber shows the exact position of the GC column, which is protruded usually around 0.5-1 mm in the APPI source (right picture) 30 of the signals were detected at m/z of 50-150, while by lowering the ionization potential, the highest signal abundance was found at the mass range of 100-250 Da. This tendency is expected since using EI of 70 eV, the molecular ions tend to be unstable and the majority of them breaks into smaller fragments with lower masses. On the other hand, molecules with higher masses are detected by EI of 12 eV, since the degree of fragmentation is limited here, allowing intact molecular ions to pass through the system. Regarding APPI, most of the signals were detected at m/z of 150-250. As a soft ionization method, very little excess of energy is deposited at the generated molecular ions.
Here, within 7 Da mass units, mostly hydrocarbon species were detected as can be seen from the zoomed-in windows in Figure 3 .
From a first look, an overall decrease of the signal intensity can be observed by lowering the ionization potential. This decrease of with little or no fragmentation. However, since this method involves multiple pathways for ion formation, protonated species are also generated. 35 The addition of a dopant (eg, toluene) with an IE below the photon energy is a commonly used strategy for the enhancement of the signal intensity in APPI. It facilitates the ionization of different chemical compounds through the formation of clusters between analyte, dopant, and water molecules (and potentially other solvent molecules, if present) from which a proton transfer forms the resulting protonated molecules. The details of the ionization mechanism are described in detail elsewhere. [36] [37] [38] Here, likewise to the previously mentioned results, the signals with an even m/z number correspond to molecular radical cations, while the compounds with an odd m/z number are likely protonated species. In Figure 4 , a hydrocarbon compound with the chemical composition of C 14 H 15 has been chosen as an example to illustrate this difference.
There are many cases in which a compound having the same chemical composition can be formed with different ionization methods. Such an example can be seen in Figure 4 , where the hydrocarbon compound with the chemical formula of C 14 Dealing with the analysis of complex mixtures is not an easy task, Figure 6 . Here, the results were obtained by summarizing 1 minute that was randomly chosen from the total ion chromatogram. Afterwards, the same minute was divided into 0. 39 An illustration of various isomeric compounds, as well as a suggested structure for them with high energy EI (brown color) or APPI (green color) can be seen in Figure 7 . Here, the first compound in the graph shows the hydrocarbon compound of methylnaphthalene (C 11 H 10 ) having two different isomers. The powerful chromatographic separation can be maintained despite the sample complexity. The isomeric compounds of the oxygen-containing species are also efficiently separated. Finally, a high increase in the number of thiophenic isomeric compounds is observed with the addition of an alkyl chain. It is quite obvious that the need for a powerful chromatographic separation increases with the increase of the compound complexity.
| CONCLUSION
GC separation with different ionization methods for ultra-high resolution MS was compared for the studies of volatile components of gas condensate. The results show that both methods are suitable for complex mixture analysis. Especially the separation of different isomeric compounds is a helpful tool to characterize complex mixtures such as crude oil. Because of the complexity of the analyte sample, the use of standard EI is difficult because the high fragmentation behavior makes the complexity even higher, and the characterization even more difficult. Here, the use of lower energy EI with ionization energy at 12 eV is reducing the overall sensitivity, but also reduces the complexity allowing a better distinguishing between fragment and molecular ions. Additionally, the use of atmospheric pressure photoionization can be an interesting alternative. Since APPI can detect a wide number of different compounds from nonpolar to medium polar, this would be complementary to standard EI analyses. Both allow to measure different types of compound classes (such as hydrocarbons and classes containing oxygen, nitrogen and sulfur species) and mass ranges with very high resolution capabilities. Nevertheless, in order to explore fully the capabilities of these techniques and understand in details the differences between the ionization methods, additional experimental work is needed. In future studies, the chromatographic separation with different ionization methods of a set of alkane standards can be tested.
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